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ABSTRACT

We used a multidisciplinary approach to understand the structure-property relationship
with an aim towards developing novel second-order and third-order nonlinear materials with
enhanced performance for photonics applications. We used a combination of theoretical
modeling and experimental measurement of nonlinearities in a group of systematically
derivatized structures o understand the structure-property relationship. This approach was
extremely useful in designing new structures with enhanced nonlinearities. We have
incorporated organic second-order chromophores in sol-gel processed SiO, and TiO,
composites which have been successfully electrically poled to form stable aligned structures.
In-situ poling studies while monitoring second harmonic generation and electro-optic
modulation were used to study the poling dynamics. The microstructures of sol-gel
processed composites were investigated. A combination of optical Kerr-gate, transient
absorption and degenerate four-wave mixing was used along with appropriate theoretical

development to understand the nature of resonant third-order optical nonlinearity.
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Theoretical (Computational) Studies

For theoretical modeling of optical nonlinearities we have developed unique
capabilities where we can utilize three different approaches to compute the nonlinear
coefficients: (a) Ab-initio time-dependent coupled perturbed Hartree Fock (ab-initio
TDCPHF), (b) Extended basis set semi-empirical INDO/time-Gependent coupled perturbed
Hartree-Fock (INDO-TDCPHF) and (c) INDO- sum-over-states method (INDO-SOS).
This has permitted us to compare the results of the semi-empirical calculations against the
ab-initio results as well as against the experimental measurements in order to develop
confidence in the predictive ability of the method.

We performed ab-initio calculations of static polarizability a and static first and second
hyperpolarizabilities B and y for the haloform series CHX;, where X = F, Cl, Br, and |
using the effective core potential (ECP) approach.1 The microscopic optical nonlinearities
a, B, and y were calculated as the derivatives of the energy with respect to the electric field,
with the energy determined by means of the self-consistent-field approach (SCF), and
nonlinearities calculated by means of the coupled perturbed Hartree-Fock (CPHF)
formalism. To test the approximation introduced by the ECP method, nonlinear optical
responses for the lighter members of the series CHF; and CHCl; were compared with all
electron calculations. The effects due to basis set size and inclusion of diffuse and
polarization functions of d and f type were examined. The ECP technique was then used to
calculate optical nonlinearities for CHBr; and CHI;. Although very good agreement was
found between calculated and experimental polarizabilities a for the haloform series, the
agreement was not as good for the higher order polarizabilities.

For p-nitroaniline the ab iniio method with a double-zeta basis set which includes
semidiffuse polarization functions was used to calculate the dipole moment g, frequency-
dependent linear polarizability a. and nonlinear hyperpolarizabilities 8 and y using the time-
dependent coupled perturbed Hartree-Fock approach.2 The computation procedure used
here yielded information on the Jispersion behavior of all the tensor componcnt§ of
polarizability and various hyperparizability terms. The largest dispersion éffect was
observed for the diagonal compaoncents of the polarizability and hyperpolarizability tensors
along the long in-plane axis. The magnitudes of the various hyperpolarizability terms which
describe the various second-order nonlinear processes showed the following trend:
B(-2w;0,0) > B(O;0,~0) =‘B(-w;0.m) > B(0;0,0), with 2(-26;0,) exhibiting the largest

__
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frequency dispersion. Similarly for y the following trend is observed y(-3w;0,0,0) >
v{-20;0,0,0) > y(-0;0,-0,0) > ¥(-0;0,0,0) « y(0;0,0,-@) > ¥(0;0,0,0) with y(-30;0,0,0)
exhibiting the largest frequency dispersion. The results of the literature semiempirical
calculations on p-nitroaniline were compared with that of the present ab initio calculation,
and the problem due to the arbitrary parametrization procedure adopted in the past for
semiempirical calculation was discussed. The computed values of the first resonance energy,
the dipole moment, and the polarizability were in good agreement with the respective values
experimentally observed, within the spread of the existing experimental data. In contrast,
the computed B and y values were considerably smaller than the respective experimentally
determined values. We attribute this discrepancy to two sources. First, in the theoretical
calculation electron correlation was neglected, and the basis set used, although large, might
not still be adequate. Second, there is a considerable spread in the reported experimental
values for a given nonlinear coefficient making any comparison between the theory and the
experimental difficult.

Frequency-dependent polarizability @ and second hyperpolarizability y corresponding
to various third order nonlinear optical processes in benzene were calculated by ab initio
time-dependent coupled perturbed Hartree-Fock method.> The selection of proper diffuse
functions in the basis set was made from a comparison of the calculated values of a(w) at
two optical wavelengths, (A = 589 and 632.3 nm) and that of y(-2w;0,w,w) at A = 1064 nm
with the reported experimental values at these wavelengths. It is found that a 4-31G basis
with a diffuse p and a diffuse d function, in addition to properly describing various
elements, yields the values of a and y which are, respectively, within 7 and 5% of the
corresponding experimental results. The in-plane components of a show a larger frequency
dispersion compared to the out-of-plane component. The calculated values of y for the
electric field induced second harmonx generation (EFISH) at five optical wavelengths are
within 5 to 14% of the reported cxpenmental resuits. However, a somewhat larger
discrepancy between the calculated and mcasured values of v for third harmonic generation
(THG) and y for degenerate four wave mixing (DFWM) is found. The order of the Y
values for various third order processes is: y(THG) > y(EFISH) > y(DFWM) > |
y(EFIKE) = y(EFIOR) where EFIKE and EFIOR, respectively represent electric field
induced Kerr effect and electric field induced optical rectification. The elements of Y show

deviation from the Kleinman symmetry even at lower optical frequencies.
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Using a split-valence Gaussian 4-31G basis function augmented with diffuse p and d
function and multiconfiguration self-consistent-field optimized geometries, the frequency
dependent polarizability @ and second hyperpolarizability y of ethylene, trans-butadiene,
trans-hexatriene, and trans-octatetracne molecules have been calculated by the time-
dependent coupled perturbed Hartree-Fock ab initio method.* The calculated values of a
and y are in good agreement with the corresponding gas-phase experimental values at the
same fundamental wavelength. The various y values corresponding to different third-order
processes exhibit marked difference in their dependence on the conjugation length. For a
specific fundamental frequency, the calculated y value exhibits the following order:
¥(-30,0,0,0) > ¥(-260;0,0,0) > Y(-0;0,0,-0) > y(-0;0,0,0) = v(0;0,0,-0).

For a comparison of a semi-empirical approach with that of ab-initio the values of
polarizability @ and second hyperpolarizability y were computed by the semi-empirical
INDO method and by the ab initio method, both utilizing the derivative approach fora
group of compounds such as the six carbon atom molecules: hexapentaene, hexadiyne and

divinylacctylene.5

First to examine the dispersion and basis set effects, frequency dependent
a and different y terms, responsible for various third-order nonlinear optical effects, were
calculated for hexadiyne by the ab initio time dependent Hartree-Fock method employing
both STO-3G and 4-31G basis sets, the latter augmented with p and d semidiffuse functions
on carbon. The coupled perturbed Hartree-Fock analytical method was used to compute
the various derivatives. Compared to the extended basis results the minimal basis set, STO-
3G, is found to heavily underestimate the values of « and y. The zero frequency limit static
a and y values for hexapentaene, hexadiyne and divinylacetylene were calculated by the ab
initio method using both the STO-3G and the augmented 4-31G basis sets. The INDO
method was used with the traditionally used minimal basis set involving a single zeta-
function to calculate the @ and y values. The required derivatives for this calculation were
obtained by the numerical finite field method. For each molecule, the INDO method gives
the @ and y values which are significantly lower than those obtained with the extended basis
set, augmented 4-31G, but comparable to the results obtained with the minimal basis set,
STO-3G, in the ab initio calculation. In the group of six carbon straight chain molecules, «
shows an increasing trend with the number of r-electrons but no definite trend is observed

for the y values.
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Using the time-dependent coupled perturbed Hartree-Fock approach, frequency-
dependent polarizability and hyperpolarizabilities of benzene, aniline, nitrobenzene, and p-
nitroaniline were calculated at the intermediate neglect of diatomic differential overlap
(INDO) level of molecular orbital theory.® To reduce the empirical parameters, the
resonance integrals B, in the INDO approach were calculated explicitly over atomic

functions, which also made it possible to extend the basis set. Expressions were derived for

calculating B and atomic transition moment, p_ over arbitrary number of atomic functions.

Results were obtained using a minimal basis (single zeta) and extended basis (double zeta)
in INDO approach and compared with the available ab initio and the experimental data.
For polarizability and hyperpolarizabilities, the dispersion calculated with the double zeta
(DZ) basis set is parallel to the corresponding ab inifio results, while those obtained with

the single zeta (SZ) basis set diverge more rapidly with increasing frequency.

New 5% Materials
Theoretical modeling and chemical synthesis have been used to design a new class of

novel thiophene derivative chromophores for second-order nonlinear optics. These
molecules, which have a thiophene ring as a donor and a nitro group as an acceptor and
various m-conjugation path, show large hyperpolarizability’ (B). We have found that the
thiophene ring acts as a strong donor because of the high lying d orbital of the sulfur atom.
Among the molecules investigated, the novel thiophene derivatives show great potentials,
with not only large hyperpolarizabilities, but also shorter absorption wavelengths, making
them more suitable for frequency doubling applications.

We have made significant progress on developing novel nonlinear molecular materials
which do not rely on m-electron conjugation to produce large second-order effects. Crystals
of the 1:3 complex between antimony triiodide and sulfur Sbl;*3Sg were found to possess a
* high second order optical nonlinearity.? The powder second harmonic generation efficiency
was found to be approximately half of that of isostructural complex of iodoform with sulfur
CHI;*3Sg. Second harmonic gencration can be phase matched. The phase matching ahgle
of type I was found to be approximately 30 degrees at the fundamental wavelength 1.064
pm. The Maker fringes measurements gave 1222(2) « 16 pm/V, i333(2) « 23 pm/V and
1311(2) « 15 pm/V for the values of the components of the second order susccptibility

tensor. The third rank hyperpolarizability tensor B was decomposed into irreducible parts,

P2y
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the norms of the vector part and the septor (octupolar) part in the Sbl;*3Sg complex were
evaluated to be B, = 52.1x10mV, g, = 202x10m/v.

Langmuir-Blodgett Films of 1(2) Chromophores

Langmuir-Blodgett films provide a unique opportunity to prepare novel molecular
assemblies for nonlinear optics. Stability and good structural correlation in multilayer
Langmuir-Blodgett films are important issues. Our work focussed on studying the stability
of mixed layers as well as on studying the second harmonic generation and surface plasmon
electro-optic modulation in Langmuir-Blodgett films. The surface pressure m of two
component monolayers of stearic acid (SA) and 3,4-didecyloxy-2,5-di(4-
nitrophenylazomethine) thiophene (DNAT) was measured at the air-water interface by the
Wilhelmy method as a function of mean molecular area at various compositions.” The
surface properties of these mixed films were interpreted in terms of both the additivity rule
of molecular areas and the two-dimensional phase rule applied to collapse pressures.
Results indicate that SA is miscible with DNAT to up to xg, > 0.5. At g5, > 0.5 phase
separation occurs and at 7 > 14 mN m'! DNAT is ejected from the highly ordered SA film
matrix. The index of refraction and thickness of these films dielectrics were determined
through surface plasmon (SP) measurements on approximately 500 A thick silver substrates.
Horizontal lifting was used to transfer the Langmuir-Blodgett monolayers to glass slides
coated with silver. Mixed solid films of DNAT up to 10% (by weight) in polystyrene
matrices with thicknesses ranging from 4 to 12 um were also prepared, indices and
thicknesses being measured using the m-line technique. This allowed us to estimate the
index of pure DNAT as a cross-check on the SP results. Since index determinations from
these techniques are in essential agreement in terms of linear refractivity, we are able to .
discuss the structural implications of the SP-measured monolayer film thicknesses. -

Second harmonic generation (SHG) and surface plasmon studies were carried out on
mono- and multilayer Langmuir-Blodgett (LB) films of an amphiphile containing a small
chromophore (N-docosanoyl-4-nitroaniline).!%12 A quadratic variation in the second
harmonic intensity was observed for Y-type multilayers (film thickness above 4 biiaYers), but
for the thinner films (film thickness less than 4 bilayers) the enhancement of the SHG
intensity does not follow the quadratic dependence. Th= results indicate that the non-linear -

chromophores liec almost flat on the plane of the substrate with orientation preference in the
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dipping direction. The SHG behavior and the second-order nonlinearity of the LB films
were compared with those of 2-docosylamino-5-nitropyridine and N-docosyl-4-nitroaniline
which also have a chromophore of similar size.

Measurements of electrooptic modulation of surface plasmon resonance were carried
out on horizontally transferred Langmuir-Blodgett films of 2-do~':owlamino-5-nitropyn’dinc.13
The observed Pockels response is approximately constant for different numbers of layers in
multilayered films and is proportional to the strength of the modulating field. The
calculated second order susceptibility values are about 2 x 10713 -m/V, two orders of
magnitude lower than those derived from second harmonic generation studies. The
presence of the Pockels effect was attributed to off-diagonal terms in the second order
susceptibility.

Second harmonic generation (SHG) studies were carried out on Langmuir-Blodgett
films of 2-docosylamino-5-nitropyridine which were transferred using two different dipping
techniques; vertical Y-type and horizontal X-type depositions.!* The SHG behavior of both
types of films can be explained by assuming an average planar symmetry. However, the
SHG behavior of horizontally transferred films is remarkably different from that of the
vertically transferred €ilms. In Y-type films the SHG is mainly due to the in-plane
component l(z)m (which is along the dipping axis) of the second order nonlinear optical
susceptibility tensor and x(®__ is negligible. In the case of X-type films, also, the SHG is
due to the in-plane 1(2) tensor components but z(z)m and 1(2)m have comparable
magnitudes. In both films the nonlinear optical chromophores lie almost flat with respect to
the plane of the substrate. The cancellation of 1(2)m in Y-type films is due to the
preferential orientation of molecular domains along the dipping axis. In horizontally

transferred films molecular domains seem to be inhomogeneously oriented on the surface.

Sol-Gel Processed Composites { 1 3 '

Sol-gel processing was uscd 1> prepare a new class of multicomponent indrganic
oxide:organic polymer compositcs which show great promises for second-order nonlinear
optics.ls'16 Special processing techmique has permitted the preparation of
Si0,/TiO,/organic polymer compesites in which the relative composition can be judiciously
varied to select the linear refractive index for applications in integrated optics. A '

Furthermore, this composite has been doped with both inorganic and organic dopants. The
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composite film doped with paranitroaniline (PNA) was successfully poled. Both second-
harmonic generation and electrooptic modulation were achieved in such a poled four-
component SiO,/TiO,/Polymer/PNA composite.

Sol-gel processing technique was also used to prepare a composite with second-order
nonlinear optically active molecule, N-(4-nitrophenyl)-(s)-prolinol!’. Electric-field poling
was successfully employed to introduce noncentrosymmetry required for second-order
nonlinearity. Studies using in situ poling allowed the formulation of conditions under which
stable poled orientation was achieved. Second-harmonic generation and electro-optic
modulation studies were conducted on this material.

Diethylaminonitrostyrene (DEANST) was doped into different polymer matrices with
extremely high concentrations (up to 70% by weight) without loss of optical quality. The
polymers used include PMMA and polyvinylcarbazole. The x( values obtained are over
107 esu.

We have also successfully prepared composites of DEANST doped with the sol-gel
processed silica and TiOz.18 The electric field poling procedure was modified in order to
achieve the best conditions for the largest obtainable second-order nonlinearity. Temporally
and thermally stable ;(2) values of up to 2 x 10”7 esu have been obtained. An additional
means toward enhancing stability of poled structures is the combination of the sol-gel
technique with the thermal-induced crosslinking of polymers. This combination of
techniques further reduces the rotational freedom for the NLO dopants inside the matrix.
It also improved other properties of the material composite, such as mechanical and
electrical properties.

Because of the strong solvatochromic effect observed in the chromophore, we are able,
using matrices with low dielectnc cocfficient, to shift the absorption band to shorter
wavelength spectral range. This 1s important for avoiding the reabsorption of the light from

second-harmonic generation (wider optical transparency).

Liquid Crystalline Polymers

Second order nonlinear optrcal susceptibilities of a series of newly synthesizéd liquid
crystalline polymers and corresponding monomers-were measured using second harmonic
generation.!® A substituted stilbene moiety was selected as the main conjugated m-

electronic structure and systematic modifications were mace at the site of the donor and in
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the conjugation path in order to compare the role of various donors and charge transferring
linkages in the SHG process. The B values extracted from the measurements made on
solutions and on thin films yield similar values for the monomers and the corresponding
polymers. The variations in B values can be interpreted in terms of molecular structural
properties, charge transferring power of the donors and dispersion effect. An electrically
aligned chromophore exhibits similar relaxation behavior both in the doped form as a guest

in an amorphous polymer matrix and as a side chain of the same aniorphcus polymer.

Novel Molecular-Ionic Polymers for 1(2)

To take advantage of nonlinearities derived from both molecular and ionic
contributions new methacrylate polymers containing the N-alkyl pyridinium salt in the side
chain were designed and synthcsize:d.20 Even though these structures contain counter-ions
which can migrate under the influence of applied field, we were successful in poling. The
corona poled polymer films showcd a large second-order nonlinear optical susceptibility, 1
(-2w;w,w). The larger x?) value of the homopolymer containing N-methylpyridinium salt,
compared to that of its copolymer, indicates that the concentration of the nonlinear optical
chromophores in the copolymer is lower than the saturation value. The temporal stability of
induced alignment of nonlinear optical chromophore seems better than that of many other
side-chain polymers and guest-host systems.

In order to enhance the poling efficiency by reducing the prospect of charge migration
the small counter-ion (I or Br’) of the salt unit was substituted by a bulky tetraphenylborate
(TPB) ion.2! The corona poled polymer film showed a large second-order nonlinear optical
susceptibility, 1(2)(-20;4.\,«.)). The larger 1(2) values of these polymers were compared with
that of polymer with small counter-ion. It was found that the organoborate unit at the side
chain improved the optical quality of the polymeric film compared to the polymer having a
small organic counter-ion. Even their monomers could be deposited as a transparent layer
on a glass substrate. The temporal stability of the polymer without internal side chain
spacer unit was investigated to be better than those of the other polymers with six and ten
methylene snacer. Above all, the temporal stability of induced alignment of nonlinear
optical chromophore in this TPB series of polymer seems to be better than that of many

other side-chain polymers and guest-host systems.
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V1o of systematically derivatized structures for structure-property relationship

In order to improve our understanding of the molecular structure-nonlinear optical
properties relationship, a series of model compounds containing benzothiazole,
benzimidazole and benzoxazole units synthesized at Wright Laboratory was studied for their
third-order nonlinear optical properties using femtosecond degenerate four-wave mixing.22
For soluble compounds measurements were made with solutions of various concentrations
while for insoluble materials vacuum evaporated films or melt quenched films were used.
The time-response behavior as well as concentration dependence of the nonlinearity indicate
that there is no one-photon or two-photon resonance encountered at 602 nm, the
wavelength of nonlinear optical studies. Therefore, the trend of nonlinearity in the
systematically varied model compounds can be related to the structural variations. The
present study yields the following information on structure-property relationships: (i)
microscopic third-order nonlinearity rapidly increases with an increase of the effective
conjugation length for a quasi one dimensional molecule; (ii) incorporation of a sulfur
containing heteroaromatic linkage in the conjugated structure enhances the nonlinearity;
(iii) transition fiom a quasi-one dimensional m-electron delocalization to delocalization in
two dimensions introduced by using an imidazole N-linkage erhances the third-order optical
nonlinearity without reducing the optical transparency window and at the same time
improves the solubility. Possible exp'anations for these structural effects were presented.
Also, the observed qualitative trend was compared with that predicted by a recent semi-
empirical calculation.

As part of a continuing study, a series of highly conjugated benzobisthiazole,
benzobisoxazole, and N,N-diphenylbenzbisimidazele model compounds were synthesized,
and their third-order nonlinear optical properties investigated by using subpicosecond
degenerate four-wave mixing. > Measurements were made at 602 nm on THF solutions,
vacuum-deposited films, or melt-quenched films. In ali but one material, the third-order
effect was determined to be instantaneous within the employed temporal resolution,
suggesting dominance of electronic nonlinearity. From the experimental data it was possible
to formulate structure-nonlinear optical property correlations and demonstrate that the
molecular second hyperpolarizability can be increased almost 3 orders of magnitude by

simple structural modifications.
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Third-order nonlinear optical properties of several tetrasubstituted cumulenic
compounds were studied using subpicosecond degenerate four-wave mixing (DFWM) in the
forward geometry.* Orientationally averaged third-order hyperpolarizabilities <y> were
obtained by comparing the DFWM signal from a solution of the molecules with the signal
of a reference liquid (THF). The estimated effective values of 2%, the third-order optical
susceptibility, of cumulenic compounds with extended «:njugation of the m-electron system
are high, partly due to the strong nonlinear optical response of the molecules in their
ground state, partly due to the resonance enhancement at the operating wavelength, 602
nm.

Third order nonlinear properties of several halomethanes (CH,Cl,, CHCl;, CCl,,
CH,Br,, CHBr4, CBr,, CH,l, CH,l,, CHI; and Cl,) were measured using the techniques of
degenerate four wave mfxing (DFWM) at 602 nm and of electric field induced second
harmonic generation (EFISH) at the fundamental wavelength of 1064 nm.® It was noted
that the hyperpolarizabilities determined from DFWM are very close to those measured by
EFISH for most halomethanes. The data were interpreted taking into account that third
order hyperpolarizabilities measured with DFWM in pure liquids and solutions contain two
contributions: electronic and orientational, the latter deriving from ordering of induced
dipoles. Estimating the orientational contribution we derived the electronic third order
hyperpolarizabilities from DFWM data, and, subsequently, the second order
hyperpolarizabilities from EFISH data. A relatively large nonresonance third order
susceptibility x(®) = 2.4x101? esu was measured by DFWM in solid iodoform (CHI,).

Use _of composite structures for improvement of buik optical quality

We reported here the first case (to our knowledge) of a compatible blend between an
inorganic polymer, silica glass, and a w-conjugated optical nonlinear polymer, poly (p-
phenylene vinylene), homogeneously mixed over large composition ranges.26 This
composite material was prepared by combining sol-gel processing techniques applicable to
the silica glass with the preparation of the organic polymer from a water/alcohol soluble
sulfonium salt precursor. The organic polymer precursor and the inofganic sol were mixed
in a common solvent and converted to the final composite material. The thermal
conversion of the organic precursor polymer released HCI which also catalyzed the gelation

of the inorganic sol. The composite material was characterized by IR, UV-visible spectral
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analysis and thermogravimetric and differential scanning calorimetric analysis. The material
can be cast into various forms. Thin films cast by the doctor blading technique exhibit good
optical quality and show promise for application in the form of optical wave guides.

The approach used for sol-gel optics i.e. the use of sol-gel processing can play a very
important role for the development of novel materials and device structures for nonlinear
optics and photonics. Chemical processing using the sol-gel method was used for
preparation of new composite materials of both a silica glass and a V,04 gel with a
conjugated polymer poly-p-phenylene vinylene up to 50% by weight.2’3! The composite
films show highly improved optical quality with large third-order nonlinear optical
coefficient, the latter derived from the conjugated polymer. Optical waveguiding through
the film has been achieved. Nonlinear optical studies using femtosecond degenerate four
wave mixing, optical Kerr gate switching and power dependent waveguide coupling have
been successfully performed.

A two-dimensional permanent transmission grating was formed on the novel polymer
sol-gel composite film by ultrashort (~0.5-ps) and visible (~602-nm) pulsed laser re diation.32
With an arrangement of three nonco-planar coherent laser beams, we used two approaches
to produce direct formation of a two-dimensional grating on the film. One approach is to
expose the sample twice to different combinations of two beams, and the other is to expose
the sample to three laser beams simultaneously. The diffraction patterns and the relative
intensity distributions for different order diffraction of the two-dimensional gratings formed
on the poly-p-phenylene vinylene/V,Os-gel films are analyzed for the different two-beam
combinations and relative orientations among the three laser beams. The total diffraction
efficiency for the incident probe laser beam into all the non-zero-order diffraction beams
reaches 48%.

It was found that improved optical quality films of poly-p-phenylene benzobisthiazole,
often abbreviated as PBZT, and (~at of a novel composite of PBZT and nylon (Zytel 330)
can be produced by extruding h¢! w crnitical concentration solutions in methane sulfonic
acid.3> The linear refractive indw cs and their dispersion behavior in these films were
determined by the analyses of the interference fringes observed in the optical transmission
spectra. A relatively large value ot the Linear refractive index is obtained for PBZT. The
third-order nonlinear opticél, susceptibility, ¢, is determined for the films of PBZT and =

3)

PBZT/Zytel composite using subpicosecond degenerate four wave mixing. The 1 value

F
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observed for this PBZT film is almost an order of magnitude larger than that previously
reported for PBZT films of a rather inferior quality processed through polyphosphoric acid
solution. This result emphasizes the importance of polymer processing to produce better
optical quality films for evaluation of intrinsic x(>) values of polymers. The response time of
the nonlinearity is limited by the laser pulse width, indicating that the nonlinear response is
derived from the coherent electronic 1‘3). The 1(3) value of the PBZT/Zytel composite is
lower than that for pure PBZT because of the reduced number density. However,
determination of the optical loss, a, in these films yields a much lower value of a for
PBZT/Zytel composite film resulting in an improved value of the often used device figure of
merit 1(3)/41. This result suggests that composite structures may be useful for optimizing the

1(3)/a ratio.

Characterization of waveguide and y©) properties of films
We reported on the optical characterization of poly-4-BCMU slab waveguides, and on

the fabrication of efficient grating guided-wave couplers using this material.3** Thin film
samples were obtained, by spin coating, from a cyclopentanone solution. Grating couplers
were used to measure the film refractive indices and thicknesses. Waveguide attenuation
was obtained from measurements of the variation in scattering with propagation distance in
the visible and near infrared. These parameters allowed us to design, fabricate and test a
grating coupler with a coupling efficiency of 45% at 1.064 pm.

Large linear refractive index birefringence, strong dichroic behavior, and highly
anisotropic ¢(3) were observed for a uniaxially oriented poly (2,5-dimethoxy paraphenylene
vinylene) film.3¢ A subpicosecond time-resolved degenerate four-wave mixing study reveals
an unusual behavior. Along the draw direction 1(3) is complex with a negative real part and
has a response time that is longer than the optical pulse resolution. In contrast, A along
the transverse direction is largely real and positive. Its response time is much faster, and is
limited by the laser pulse width of —40 fs.

Studies of Langmuir-Blodgett films of z©) Materials

We also conducted studics of Langmuir-Blodgett films for nonlinear optics.zs"26

Monomolecular films of 3-BCMU, 4-BCMU, and 9-BCMU at the air-water interface were

d37

studied”’ by measuring their surface pressure () vs surface area per molecule (A)
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isotherms as well as by the visible absorption spectra of their polymerized Langmuir-
Blodgett (L-B) films. The m-A isotherms of all three n-BCMU monomers displayed a phase
transition between an expanded state and a condensed state resembling that of their
corresponding polymers. The expanded-state surface areas of 9-BCMU, together with a -
Corey-Pauling-Koltun (CPK) molecular space-filling model of 9-BCMU, suggest that
appreciable diacetylenic-subphase interaction may cause kinking in the looped portions of
the side chains. Visible absorption spectra of L-B films of 4-BCMU and 9-BCMU UV
polymerized at the air-water interface revealed both a red and a blue form for the former,
while the latter was composed of the blue form alone. Horizontally transferring in situ
polymerized films of 4-BCMU and 9-BCMU to hydrophobic substrates produced a shift of
A ,.x Values to longer wavelengths. Polymerization after transfer to solid substrates resulted
in only a blue form polyuiei for both 4-BCMU and 9-BCMU. The reversibility of the
conformation coil to rod transition at the air-water interface was shown to depend on the
nature of the side group (i.e., the value of n). Poly-4-BCMU showed 100% conversion back
to the coil form after expansion to zero surface pressure, poly-3-BCMU showed only partial
conversion, and poly-9-BCMU showed essentially n- ~~nversion. In situ polymerized 4-
BCMU (blue form and red form) converted completely to the red form after expansion to
zero surface pressure, while in situ polymerized 9-BCMU essentially remained in its initial
blue form. Polymerization of a six-layer multilayer of 4-BCMU was compared to one having
five intervening layers of arachidic acid and revealed a significant decrease in the percent
polymerization of the latter. A possible explanation is that polymerization is taking place

between adjacent layers as well as within a given layer in multilayers of 4-BCMU.

Resonant ¢ processes
With an aim to understand dynamic characteristics of the degenerate four-wave mixing

process for molecules with resonant optical hyperpolarizability, we have theoretically and
experimentally investigated the compound N,N’-Bis(2,5-di-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide in chloroform solution using subpicosecond forward degenerate four-
wave mixing.“ It follows from the theoretical and experimental results that a resonant
degenerate four wave mixing actually involves two dynamic proccsscS, i.e. a coherent
nonlinear response involving four photon parametric mixing and an incéherent nonlinear

response due to diffraction from the population grating. The contribution of each process
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to the resonant degenerate four wave mixing signal and the dynamic characteristics of each
process were discussed. We presented both a theoretical derivation and a numerical
simulation for resonant degenerate four wave mixing. An equivalent third-order optical
susceptibility ;f) describing the contribution from the population grating process was
introduced. Temporal behavior of the degenerate four wave mixing signal was studied at
different incident power intensities and the dependence of signal strength on the intensity
was investigated. Numerical simulation using the theoretical model presented here was used
satisfactorily to explain the experimental results.

We investigated the influence of two-photon absorption on the third-order nonlinear
optical properties of model organic molecules using the technique of degenerate four-wave
mixing (DFWM).39 A theoretical formulation developed here shows that the presence of
two-photon absorption, which is related to the imaginary part of the third-order
susceptibility 2%, leads to an enhancement of the effective third-order nonlinearity and to
the appearance of effects caused by the formation of two-photon generated excited states.
The dynamic behavior of the nonlinearity is then governed by the properties of excited
molecules. The nonlinear effects also involve contributions which depend on the fifth power
of the electric field.

We have performed a systematic study of third-order nonlinear optical properties of
alkoxy (-C,oH,;OCH) substituted p-polypheny! oligomers using the technique of time-
resolved degenerate four-wave mixing with subpicosecond pulses at 602 nm. Experimentally
determined values of the second-order hyperpolarizability 1(3) for these oligomers increase
sm~othly from the monomer to the trimer, with a more rapid increase to the pentamer and
to the heptamer. In addition, the hyperpolarizabilities for the pentamer and the heptamer
appear to be complex. A smooth increase of the y value is expected from an increase of
~ the m-conjugation from a shorter chain oligomer to a longer chain oligomer. The moreA
rapid increase of the y value in the pentamer and, especially, in the heptamer, however, can
not be satisfactorily explained by only taking into account the m-conjugation length. Two-
photon absorption for the pentamer and the hepiamcr at the measurement wavelength of
602 nm is suggested to be important as the observed dynamic behavior is saﬁsfactorily
explained by the predictions of the theoretical model presented here. It is shown that the

effective y value for a two-photon absorbing material is a function of o_ptical intensity, pulse




17

width, and sample length if one uses the conventional degenerate four-wave mixing
description.

Femtosecond response and relaxation of the third order optical nonlinearity in the
newly developed poly(p-phenylene vinylene)/sol-gel silica composite were investigated by
time-resolved forward wave degenerate four-wave mixing, Kerr gate and transient
absorption techniques using 60 femtosecond pulses at 620 nm.* Using a theoretical
description of two and four-wave mixing in optically nonlinear media it is shown that the
results obtained from simultaneous use of these techniques yield valuable information on
the real and imaginary components of the third order susceptibility. In the composite
material investigated here, the imaginary component is derived from the presence of a two-
photon resonance at the wavelength of 620 nm used for the present study. This two-photon
resonance is observed as transient absorption of the probe beam induced by the presence of
a strong pump beam. It also provides fifth-order nonlinear response both in transient
absorption and in degenerate four-wave mixing. The fifth-order contributions are derived
from the two-photon generated excited species which can absorb at the measurement
wavelength and therefore modify both the absorption coefficient and the refractive index of
the medium.

We investigated the dynamics of resonant third order optical nonlinearity of chemically
prepared poly(3-dodecylthiophene) by the degenerate four wave mixing technique using 60
femtosecond pulses at 620 nm.*! The measured effective value of () is 5.5%10711 esu, six
fold smaller than that obtained with 400 femtosecond pulses, emphasizing the pulse width
dependence of effective 2> when the relaxation time of the photo-generated excitation
responsible for the optical 1. o linearity is comparable to the pulse width. Within the
resolution of the optical pulse, the rise time of the nonlinear response is instantaneous and
the dominant decay occurs within 200 femtoseconds, revealing that the short time nonlinear
response is derived from the initially photo-generated excitons. A detailed analysis of the
total decay behavior is consistent with the polaron dyramics of the conformational
deformation model proposed by Su. Schrieffer and Heeger for a conjugated linear polyrﬁer
with bond alternation. ' _ ’

Elastic moduli of a 10:1 uniaxiz"* stretched film of poly-p-phenyl.ene vinylene were
determined using the technique of Iaser-inducéd acoustic phonon in a- degenerate four-wav'e :

mixing phase conjugate geomc:gry.42 The four-wave mixing signal obtained as a function of

e
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film rotation provides acoustic speed as a function of orientation. In order to explain the
experimental observation, a theoretical description is presented to describe acoustic wave
generated by laser induced transient grating for an arbitrary propagation direction in a
medium with any symmetry. This theoretical description also provides the dependence of
the acoustic wave on the polarization, propagation direction and the pulse-width of the laser
pulses.

The theoretical analysis of our experimental result, using the general Christoffel
cquation, yielded the complete elastic modulus tensor, both the longitudinal and the shear
components. The value of the elastic modulus along draw direction is 46.6 GPa. The
analysis also shows a novel feature of mode jump, not reported previously. We observe that
within a certain range of angles between the acoustic propagation direction and the draw
direction one kind of acoustic mode (quasi-longitudinal) is generated but for another set of
angles the mode jumps to become quasi-transverse in nature. The theoretical description
presented here also explains this mode-jump behavior.

With the use of a waveguide geometry, CARS spectroscopy was found to be an
extremely sensitive technique to detect a very low concentration of molecules dispersed in a
matrix.43 Using a planar optical waveguide geometry, the CARS spectra of 4,4'-
dibromobiphenyl dispersed in a = 3 um thick polymethylmethacrylate polymer film cast on
a quartz substrate was recorded using picosecond optical pulses. Different vibrational bands
were recorded using the TE, waveguide mode for both the pump and the probe pulses.

We have recently developed a new method which shows that ultrafast optically
stimulated birefringence and dichroism may be conveniently investigated by combining
polarization sensitive optically heterodyned detection with phase tune-up between the
optical Kerr gate signal and the local oscillator.* The real and the imaginary parts of
complex third-order optical nonlincanty can be effectively separated and their values and
signs determined. 60fs pulses at #21) nm were used in experiments carried on
tetrahydrofuran solutions of canthaxanthin (4,4'-dioxo-B-carotene). The values‘df both parts
of the complex second hyperpolanizability, y, as well as the sign of its real faart determined
by this method compare well with that obtained from the concentration dependence method

employing the homodyne-detection optical Kerr gate technique.
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Nonlinear response of C,
We undertook correlated theoretical and experimental studies of nonlinear optical

properties of the fullerene (Cgp) molecule.*> The effort was aimed at understanding the
frequency dependence of molecular linear polarizability, @, and molecular second
hyperpolarizability, y, and tied with a simultaneous comparison with a model "two-
dimensional" aromatic fullerene analog, the benzene molecule.

In the theoretical part, quantum-mechanical computations were performed using time-
dependent coupled-perturbed Hartree-Fock method with an extended basis INDO
approach. The a and y tensors appears to be isotropic, indicating a spherically symmetric,
highly delocalized r-electron distribution in Cgq, and lending further support for the
aromatic character of the molecule. The calculations of the effective y values for various
third-order processes (OKG, EFISH, electro-optic Kerr and static hyperpolarizability) were
found to have the following order: y(-0;0,0,-0) > y(-20;0,0,0) > ¥ (-©;0,0,w) > ¥(0;0,0,0),
which is somewhat different than that in benzene where: ¥(-20;0,0,0) > Y(-0;0,0,-®).
Experimental investigations of C, were based on complementary techniques of degenerate
four-wave mixing with subpicosecond pulses at 602 nm and optical Kerr gate with 60-
femtosecond pulses at 620 nm. The derived values of complex second hyperpolarizability
are: y,, = -(5:2)><10'33 esu and y,,, = (9:1)x1-'33 esu. Both wave-mixing techniques

indicate ultrafast nonlinear optical response time of fullerene molecule.

Study of photorefractivity in polymers
Our group has recently started both theoretical and experimental studies of

photorefractivity in polymeric systems. In this area, we have benefited from our interaction
with the group of Dr. Williams at Kodak. For photorefractivity, when a photoconducting
polymer is illuminated by light with an intensity that varies sinusoidally with position, the
space-charge electric field, hole density, ionized photosensitizer density, and filled hole trap
density will also vary with posiivn  Expressions were derived for the zero-order Fourier
component of the hole density and the first-order Fourier ccmponent of the electric field 46
The equations take into account the clectric field dependence of photocharge gcneraﬁon
efficiency and mobility. General cquations were simplified for the case in which the trap
density is far greater than the density of holes, and for the case in which no hole traps are

present. Finally, the zero-order hole density and first-order electric field calculated from
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our equations were compared to values obtained by Fourier transforming the results of
numerical calculations.

Photorefractive effect was observed in a fullerene (Cg;) doped organic composite
containing poly-vinylcarbazole (PVK) and a second-order molecule, diethyl-amino-
nitrostyrene (DEANS’]').” Electrooptic modulation and degenerate four-wave mixing
experiments were conducted. The material shows relatively high electrooptic coefficient,
photoconductivity quantum efficiency and photorefractive diffraction efficiency.

We also reported an experimental observation of the photorefractive effect in a new
polymeric system in which a nonlinear organic polymer was doped with a photosensitizer
BDK and a hole transport agent tri-p-tolylamint:.‘8 The photoconductivity and the electro-
optic effect have been studied. The process of the grating formation with the applied field
was studied. A strong electric field dependence of the diffraction coefficient has been
observed.

Other publications
Other publications reported from our Photonics Research Laboratory are 49-70.
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